Permeable pavement (PP) systems provide opportunities to mitigate the impacts of urbanization on receiving water systems by providing at source treatment and management of stormwater. However, they do not receive mainstream use throughout much of Canada and the USA because of a lack of local guidance documents, demonstration projects and performance data. Studies have repeatedly shown that PPs attenuate stormwater flows by reducing volume and frequency of stormwater flows, reducing and delaying peak flow rates, and increasing flow durations. PP systems have been shown to improve stormwater quality by reducing stormwater temperature, pollutant concentrations and pollutant loadings of suspended solids, heavy metals, polyaromatic hydrocarbons, and some nutrients. This review is intended as a comprehensive summary of the current state of knowledge of the environmental performance of PP systems. Published research is synthesized to examine the hydrologic performance, impacts to water quality, longevity and functionality and maintenance needs of PP systems. Where appropriate, the limitations of current knowledge are discussed and emerging and future research needs are presented. The intent of this review is to provide stakeholders in stormwater management with the critical information that is needed to foster acceptance of PPs as a viable alternative to traditional systems. 
INTRODUCTION
The protection of natural water balances and flow paths is a critical design objective for integrated urban stormwater management. This objective aims to mitigate or prevent disruptions to natural processes that have been shown to:
contribute to unhealthy stream systems (Walsh et al. ) ; increase risks to public safety and property (Marsalek & Chocat ); or degrade surface and subsurface drinking water sources (Marsalek & Chocat ) . This review provides a synthesis of the current state of knowledge with respect to PP systems. It describes the types of PP currently available, the typical components of PP systems, and clarifies the appropriate use of PP as an LID technology. Approaches to studying and evaluating PPs are highly variable and this review aims to provide critical interpretations of existing studies to advance the current understanding of hydrologic performance, impacts to water quality, longevity and functionality and maintenance needs.
Finally, the paper identifies emerging research and needs.
BACKGROUND
A permeable (also called porous or pervious) pavement is a paving material which allows water to infiltrate and be con- A key limitation of the existing research is that the most extensive monitoring studies (Table 1) have only looked at performance over 2.5 years which is a fraction of a pavement system's effective life; long-term (i.e. life-cycle) performance remains largely untested. There has been limited use of poured permeable products such as PC, PA and epoxybased materials in many cold-climate regions and further demonstration and testing of these systems is merited.
IMPACTS ON WATER QUALITY
PP systems reduce the total pollutant mass delivered to receiving systems by reducing runoff and outflow volumes and (Table 2 ). In many of these studies, stormwater was sampled for a small number of precipitation events (i.e. less than five events) and as independent stand-alone studies, they suffer from limited confidence in the reported results. As a collective body of evidence it is clear that the most commonly used pavements, PA, PICP and PC, remove suspended solids and studied heavy metals.
Exfiltrate from PP systems has been consistently documented to have a pH ranging between 8 and 9. 
LONGEVITY AND FUNCTIONALITY
The functional lifespan of a PP system is determined by the pavement's ability to meet hydrologic, water quality and other objectives. There are multiple mechanisms through which a PP system can potentially fail. First, if the pavement loses its permeability it will fail to meet necessary hydrologic and water quality objectives. Structural failures, such as excessive heaving, rutting, cracking and ravelling, can also prevent a pavement from meeting its functional objectives, including aesthetic and safety standards. Finally, as a pavement ages, dynamic pollutant removal mechanisms such as sorption, may ultimately be exhausted. If the capacity for pollutant removal is significantly diminished, a PP system may fail as a result of its inability to maintain the design stormwater quality objectives.
Clogging and permeability losses
PPs function as a passive filter and, as such, the filtration of particles and fines decreases the pavement's capability to infiltrate water over time. This process has been documen- A reduction in surface permeability has a two-fold effect on the functionality of a PP system. If stormwater cannot infiltrate at a rate which exceeds precipitation rates, ponding and surface runoff will occur. Once a PP begins to behave as an impermeable surface the environmental benefits of the system, including reductions in peak flows and volumes and removal of stormwater pollutants, are lost. In order to prevent this outcome it is important to conduct surface maintenance and remove clogging material before the hydrologic and water quality functions of the system are significantly inhibited. Current knowledge does not allow for accurate prediction or modelling of surface clogging. (Guthrie et al. ) . Exposure to deicers has been documented to cause scaling in PC. Cutler et al. () demonstrated that surface degradation is affected by deicer type (order of severity: CaCl 2 > NaCl > CMA) and mix design. Specimen testing performed by Kevern et al. () found that acceptable freeze-thaw performance can be achieved by using aggregates such as granite or highly durable river gravel in PC mixes.
Long-term pollutant removal
Very few studies have evaluated the potential for declining 
MAINTENANCE NEEDS
Maintenance is an essential practice for all infrastructure; it improves the day-to-day functionality of the system and, ulti- • The effectiveness of cleaning treatments decreases with repeated exposure to clogging materials.
• Clogging causes irreversible decreases in permeability.
Based on existing publications, cleaning practices are likely to provide partial restoration, but not full restoration of surface infiltration rates.
• Within an individual PP system the effectiveness of maintenance is highly variable and inconsistent.
• Large-scale effective maintenance practices have been successfully demonstrated under limited circumstances.
• The effectiveness of cleaning practices on surface permeability is dependent on PP type.
It is the authors' conclusion that the current research does not provide sufficient evidence to conclude that maintenance, as executed in the published studies, will provide a significant and lasting level of restoration. and residents. And, lastly, design tools, long-term performance modelling and decision-making tools will support designers and planners considering the use of PPs.
As public interest in PP systems grows there is an increased need to critically evaluate the performance, practicality and, in some instances, the limitations of this technology. Throughout this review gaps in the current research as well as future research needs have been identified and can be summarized as follows.
1. Further performance demonstration with partial-infiltration to low permeability soils is needed. The impact of boundary conditions on infiltration and water quality has not been thoroughly investigated and is a critical component in maximizing environmental benefits.
2. Analyses of impacts on water quality must become more sophisticated and extend beyond EMCs to include total load reduction, censored data (i.e. concentrations below detection levels) and frequency analysis. with the exception of chlorides in cold climates, risks to receiving groundwater systems and soils appear to be limited.
